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血管には，心臓から酸素を多く含んだ血液を運んでくる肝動脈 (HA: Hepatic 
Artery)と，腸などの消化器官から吸収された栄養を多く含んだ血液を多く含ん
だ門脈(PV: Portal Vein)という二種類の血管が存在する．肝臓に流入する血液はお
よそ 7 割が門脈，残りの 3 割が肝動脈を流れるものである．これらの血管は肝
臓の中で幾重にも分岐を繰り返し最終的に肝小葉(Hepatic Lobule)という組織で
合流し，肝小葉中では物質交換を巧みにおこなうための特異な構造を有した類














ぞれ LL（Left lateral lobe），LM（Left median lobe），GB（Gallbladder lobe），RP

































































































































の脳死肝移植はアメリカでは年間 7715 件，日本では 69 件と行われているのに


















日本では 2010年 7 月に脳死を人の死とする改正臓器移植法が施行され，年間の















































































































































Fig. 1.2.2 The number of liver transplantation in Japan and USA 











Japan USA Japan USA Japan USA Japan USA













































































































いる(Fig.1.4.1)．分割肝移植は，1988 年に Pichlmayr らが，1 つの肝を分割して
1 人の脳死ドナーから，2 人のレシピエントに移植したのは始まりであり，現在
欧米を中心に積極的にこの手技が導入されている(8)．日本国内においても，2015
年 12月までの 360 例の脳死ドナー提供のうち，23例(6.4％)に分割肝移植が施工
されており，良好な成績を残している(9)． 
 分割肝移植の分割法としては，ドナーの体内にて分割する体内分割法(in-situ 














































































Fig. 1.4.1 The number of liver transplantation for adults and children 






























Fig. 1.5.1 Organ Preservation Methods  
Fig. 1.5.2 Some kinds of commercial machine perfusion system 
(a) Life Port (USA) (16)(17) 
(b) Organ OX (UK) (18)(19) (c) Liver Assist (NLD) (20)(21) 
17 
 




有望な前臨床研究は，標準的な臓器や ECD（extended criteria donors），DCD














経た DCD 臓器 8 例について，低温酸素化灌流（HOPE, hypothermic oxygenated 
perfusion）を行い，再灌流障害，胆管障害が DBD(donated after brain death)臓器と
同程度まで軽減可能という，最初の報告を行った(25)．2018年には，Schlegel らが






















2014年には，Bruinsma らは人間の廃棄された 7つの臓器（心停止ドナーから 5，
脳死ドナーから 2）での経験を報告した．この報告での室温灌流は無血の灌流液




















ある(39)-(42)．2013年には，トロント大学の Boehnert らは，単純冷却後の NMP の
影響を評価することで DCD 実験の結果を報告した．研究では，臓器は，1 時間
















































Table 1.6.1 The study of viability assessment for liver graft by machine perfusion 
Study Journal Year MP type Organ Markers 
Henry et al.(27) 
Am J 
Transplant 
2012 HMP Human tissue 




2013 NMP Human 
Enzymes, lactate levels, bile 










2016 NMP Human 
Enzymes, lactate levels, 
tissue 
H. Abudhaise 
et al. (47) 
PLoS ONE 2018 HMP Human 
Resistance, Flow Rate, 
Enzymes, tissue 
St Peter et 
al.(48) 
Br J Surg 2002 NMP Porcine 
Enzymes, glucose, bile 
production, tissue 




Xu et al.(50) J Surg Res 2012 NMP Porcine 
Enzymes, bile production, 
Oxy. Consumption, tissue 
Schlegel et 
al.(51) 
J Hepatol 2013 HMP Porcine Enzymes, CO2, tissue 









Liu et al.(53) 
Am J 
Transplant 
2016 NMP Porcine 
Resistance, Enzymes, lactate 
level, Bile production, Oxy. 
Consumption,  







Resistance, Enzymes, lactate 
level, Bile production, Oxy. 
Consumption, tissue 
Banan et al.(40) 
Liver 
Transplant 
2016 RMP Porcine 
Enzymes, lactate level, pH, 



























































































Q =〔(πr4)/8η〕・〔P/l〕 [ml/min]                   (2.1) 









VR = P/(Q/m)  [mmHg/((ml/min)/100g liver)]             (2.3) 
VR; Vascular resistance, 血管抵抗，P; 血管圧力 [mmHg]， 










































































Δp = ∆𝜇𝐻+/F = ∆φ - 2.3RT /F・∆pH  [V]             (2.5)   
∆μ̃𝐻+；H
+の電気化学的ポテンシャル差，Δp；プロトン駆動力 
F = 96445.33 [C/mol]；ファラデー定数，∆φ = -70.15 [mV]；膜電位， 











Δp’ = ∆φ - 2.3RT /F・(pHn - pH0)  [V]              (2.6) 
Δp’；プロトン指数 F；ファラデー定数，∆φ；膜電位，R；気体定数， 







kn = Ox・[1+(Δp0-Δpn)/Δp0]  [mol/min/100g liver]          (2.7) 
kn; 肝臓代謝指数，Ox; 単位肝重量辺りの酸素消費量 [mol/min/100g liver]， 












リアルタイムに ICG の流れを観察することができる(57)．  















































































7520-40; Cole-Parmer, USA），エアトラップ，流量計（PV : VN05; Aichi Tokei, 
Japan, HA : FD-SS02; Keyence, Japan)，圧力計（KL76; Nagano Keiki, Japan），酸
素添加装置（人工肺 HP0-06 H-C；泉工医科工業），温調装置（MF-0-K; Toa 
Denki, Japan），酸素濃度測定器，肝臓ホルダーで構成される(60)（Fig.3.1.1）．肝
臓温度は基本的に肝臓の左葉側の 2葉（Left lateral lobe，Left median lobe）に熱
電対を挿入し，灌流中の肝臓温度の代表値とした．流入経路は肝臓の特徴であ
る二重血管支配に準じ，門脈（PV）と肝動脈（HA）で独立しており，灌流流




































































































るように徐々に投与した．励起光には 760nm の LEDを用いて，高感度 CCDカ
メラ（Image EM X2；浜松ホトニクス）でその蛍光を観察した．観察の際に




















実験群としては①対照群の単純冷却保存群(CS)，②従来の UW 液 1500ml を用
いた室温機械灌流群(SNMP (UW1500ml))、③灌流液の総量を 1500ml とし，人
工酸素運搬体を 100ml 添加した低濃度の室温機械灌流群(SNMP 
(UW1400ml+HbV100ml))，④灌流液の総量を 1500ml とし人工酸素運搬体を
300ml 添加した中濃度の室温機械灌流群(SNMP (UW1200ml+HbV300ml)，⑤灌






















単純冷却保存群(Whole Liver with CS)，②対照群となる，バックテーブルで分割
後，4hの低温機械灌流群，③バックテーブルで分割後，4hの低温機械灌流群
(Split Liver with SBP)，④全肝の状態から低温機械灌流を行い，その初期に灌流



















Fig.3.4.2 The process of split for liver graft 


































Table 2.5.1 Composition of reperfusion solution  
 
*3.2章の実験における SNMP(WIT0)の内一例，および SNMP(WIT30)の全三例




Components Concentration [mL] 




Sodium Bicarbonate 20 

















































































































Fig.3.5.2 Flow rate of portal vein after reperfusion 




































































Fig.3.5.4 Portal vein pressure after reperfusion 





























































































Fig.3.5.6 Portal vein resistance after reperfusion 
























































Fig.3.5.9 The change amount of HA pressure after reperfusion (0-30min) 






















































































Fig.3.5.10 Oxygen consumption after reperfusion 

















































Fig.3.5.12 The amount of AST after reperfusion 






























































CS WIT0 CS WIT60
HMP WIT0 HMP WIT60
Fig.3.5.14 The release of AST after reperfusion each 30min 
Fig.3.5.15 The release of AST after reperfusion (0-120min) 






















































CS WIT0 CS WIT60 HMP WIT0 HMP WIT60
Fig.3.5.17 The release of LDH after reperfusion each 30min 
Fig.3.5.18 The release of LDH after reperfusion (0-120min) 






























































Fig.3.5.20 The amount of HA after reperfusion 


















































































Fig.3.5.22 Lactate level after reperfusion 

























































































































































Fig.4.1.3 PV Pressure during SNMP  
Fig.4.1.4 HA Pressure during SNMP 
















































































































Fig.4.1.20 PVP Resistance during SNMP  Fig.4.1.6 HAP Resistance during SNMP  
*SNMP(WIT0) vs. SNMP(WIT60), #SNMP(WIT30) vs. SNMP(WIT60); p<0.05 
 











した．また Fig.4.1.9,11 には逸脱酵素 AST，LDHの室温機械灌流 4 時間での総





















































Fig.4.1.7 The amount of AST during SNMP 
*SNMP(WIT0) vs. SNMP(WIT30), #SNMP(WIT30) vs. SNMP(WIT60); 
p<0.05 


































































Fig.4.1.10 The release of AST during SNMP each 30min 



























Fig.4.1.11 The release of LDH during SNMP in 240 min 



































































































Fig.4.1.13 Oxy. Consumption during SNMP with WIT 0min 

















































































Fig.4.1.15 Oxy. Consumption during SNMP with WIT 60min 










































































































Fig.4.1.17 pH of perfusate during SNMP with WIT 0min 




































Fig.4.1.19 pH of perfusate during SNMP with WIT 60min 
Fig.4.1.20 pH of perfusate during SNMP 
*SNMP(WIT0) vs. SNMP(WIT30), #SNMP(WIT30) vs. SNMP(WIT60); p<0.05 





































Fig.4.1.21 Proton index during SNMP with WIT 0min 






































#                     #   
Fig.4.1.23 Proton index during SNMP with WIT 60min 
Fig.4.1.24 Proton index during SNMP 










































































Fig.4.1.25 The change amount of proton index during SNMP with WIT 0min 
















































Fig.4.1.27 The change amount of proton index during SNMP with WIT 60min 































































SNMP(WIT0)  SNMP(WIT30) SNMP(WIT60)
Fig.4.1.29 Proton index during SNMP at 0min 



































Fig.4.1.31 Metabolism index during SNMP with WIT 0min 







































































































Fig.4.1.33 Metabolism index during SNMP with WIT 60min 















































SNMP(WIT0)  SNMP(WIT30) SNMP(WIT60)
Fig.4.1.35 Metabolism index during SNMP at 0min 





























































































Fig.4.1.37 Flow rate of PV during IRM after CS or SNMP 



































































Fig.4.1.39 PV Pressure during IRM after CS or SNMP  
Fig.4.1.40 HA Pressure during IRM after CS or SNMP 
*CS(WIT0) vs SNMP(WIT30), #CS(WIT0) vs SNMP(WIT60), 























































































































Fig.4.1.41 PVP Resistance during IRM after CS or SNMP  
Fig.4.1.42 HAP Resistance during IRM after CS or SNMP 
 *CS(WIT0) vs SNMP(WIT30), #CS(WIT0) vs SNMP(WIT60), 













































































Fig.4.1.43 The change amount of PVP during IRM from 0 to 30min 
 *CS(WIT0) vs SNMP(WIT30), #CS(WIT0) vs SNMP(WIT60), 
$CS(WIT60) vs SNMP(WIT60); p<0.05 





















































CS (WIT0) CS (WIT60)

















CS (WIT0) CS (WIT60)
























Fig.4.1.45 The amount of AST during IRM after CS or SNMP 
*CS(WIT0) vs SNMP(WIT30), #CS(WIT0) vs SNMP(WIT60), 
$CS(WIT60) vs SNMP(WIT60); p<0.05 
 
Fig.4.1.46 The release of AST during IRM after CS or SNMP 
 

























CS (WIT0) CS (WIT60)


















CS (WIT0) CS (WIT60)



























Fig.4.1.48 The amount of LDH during IRM after CS or SNMP 
*CS(WIT0) vs SNMP(WIT30), #CS(WIT0) vs SNMP(WIT60), 
$CS(WIT60) vs SNMP(WIT60); p<0.05 
 
Fig.4.1.49 The release of LDH during IRM after CS or SNMP 
 






















































Fig.4.1.51 The amount of ALP during IRM after CS or SNMP 
Fig.4.1.52 The amount of HA during IRM after CS or SNMP 



























































Fig.4.1.53 Lactate level of perfusate during IRM after CS or SNMP 
*CS(WIT0) vs SNMP(WIT30), #CS(WIT0) vs SNMP(WIT60), 
 $CS(WIT60) vs SNMP(WIT60); p<0.05 
 




































と比し温阻血時間 60 分間では明らかに劣る項目が多く， 虚血再灌流障害の傾
向が顕著であることから厳しい臓器機能が予想される一方で，温阻血時間 30分
の場合には CS(WIT0)群と同等以上の結果を示した．以上より，現状の技術では







































































Fig.4.1.55 Oxy. Consumption during IRM after CS or SNMP 
*CS(WIT0) vs SNMP(WIT30), #CS(WIT60) vs SNMP(WIT60), 




Fig.4.1.56 pH of perfusate during IRM after CS or SNMP 




































































Fig.4.1.57 Proton index during SNMP 
*CS(WIT0) vs SNMP(WIT30), #CS(WIT60) vs SNMP(WIT60), $CS(WIT60) vs 
SNMP(WIT60); p<0.05 
 


































CS(0)     CS(60)  SNMP(0)  SNMP(30) SNMP(60)
Fig.4.1.59 Proton index during IRM after CS or SNMP at 0min 











Fig.4.1.61 Metabolic index during IRM after CS or SNMP 
*CS(WIT0) vs SNMP(WIT30), #CS(WIT60) vs SNMP(WIT60), $CS(WIT60) vs 
SNMP(WIT60); p<0.05 
  























































































































CS(0)     CS(60)  SNMP(0)  SNMP(30) SNMP(60)
Fig.4.1.63 Metabolism index during IRM at 0min 



























































































































kn [mol/min/100g liver] (SNMP at 240min)
Fig.4.1.65 The correlation  
between metabolic index (SNMP) and metabolic index (IRM) 
Fig.4.1.66 The correlation between  
Metabolic index (SNMP) and Oxygen consumption (IRM) 
R2 = 0.66 
p < 0.01 
R2 = 0.80 





















































































kn [mol/min/100g liver] (SNMP at 240min)
Fig.4.1.67 The correlation between  
Metabolic index (SNMP) and change amount of PVP of 0 to 60min (IRM) 
Fig.4.1.68 The correlation between  
Metabolic index (SNMP) and change amount of HAP pf 0 to 60 min (IRM) 
R2 = -0.64 
p < 0.05 
R2 = -0.74 

































































































kn [mol/min/100g liver] (SNMP at 240min)
Fig.4.1.69 The correlation between  
Metabolic index (SNMP) and release of ALP (IRM) 
Fig.4.1.71 The correlation between  
Metabolic index (SNMP) and lactate level (IRM) 
R2 = -0.47 
p = 0.07 
R2 = -0.64 
p < 0.05 
Fig.4.1.70 The correlation between  
Metabolic index (SNMP) and release of ALP (IRM) 
R2 = -0.51 






視覚的な評価指標として使用した．Fig4.1.72 には SNMP(WIT0)，Fig.4.1.73 には
SNMP(WIT30)の条件で肝臓を摘出，保存を行ったのち，体外血液再灌流モデル
において ICG を投入後，蛍光観察画像を示した．さらに参考として，Fig.4.1.74




































































































































































Fig.4.1.76 ICG fluorescence on the line during IRM after SNMP with WIT 30min 

































Fig.4.1.78 Coefficient of Variation of ICG fluorescence on the line during IRM 


































































































































Fig.4.2.1 Flow rate of PV during SNMP 





























































Fig.4.2.3 PV Pressure during SNMP  






















































































Fig.4.1.6 HAP Resistance during SNMP  











出量では SNMP with HbV(HbV20%)群，および SNMP with HbV(HbV30%)の人工
酸素運搬体濃度が高い二群で高値を示し，特に灌流初期の 1時間の流出量が他
群と比し顕著に高値を示した．本実験では，試料作成の都合上最も高濃度な






































































Fig.4.2.7 The amount of AST during SNMP 
*SNMP(HbV0%) vs SNMP(HbV7%), #SNMP(HbV0%) vs SNMP(HbV20%), 
$SNMP(HbV0) vs SNMP(HbV30%); p<0.05 
Fig.4.2.8 The release of AST during SNMP each 60min 






































































Fig.4.2.10 The amount of LDH during SNMP 
*SNMP(HbV0%) vs SNMP(HbV7%), #SNMP(HbV0%) vs 
SNMP(HbV20%), $SNMP(HbV0) vs SNMP(HbV30%); p<0.05 
 
Fig.4.2.12 The release of LDH during SNMP in 240 min 



















































































Fig.4.2.13 Oxy. Consumption during SNMP  
Fig.4.2.14 pH of perfusate during SNMP 
*SNMP(HbV0%) vs SNMP(HbV7%), #SNMP(HbV0%) vs SNMP(HbV20%), 





























































Fig.4.2.15 Proton index during SNMP 
































































HbV 0%     HbV 7%      HbV 20%   HbV 30%   
Fig.4.2.17 Proton index during SNMP at 0min 



































































Fig.4.2.19 Metabolism index during SNMP 
Fig.4.2.20 The change amount of Metabolism index during SNMP 
*SNMP(HbV0%) vs SNMP(HbV7%), #SNMP(HbV0%) vs 

















































HbV 0%     HbV 7%      HbV 20%   HbV 30%   
Fig.4.2.21 Metabolism index during SNMP at 0min 


















































































Fig.4.2.23 Flow rate of PV during IRM after CS or SNMP 


























































Fig.4.2.25 PV Pressure during IRM after CS or SNMP  
*SNMP(HbV0%) vs SNMP(HbV7%), #SNMP(HbV0%) vs 
SNMP(HbV20%), $SNMP(HbV0) vs SNMP(HbV30%); p<0.05 
 




























































































Fig.4.2.27 PVP Resistance during IRM after CS or SNMP 
*SNMP(HbV0%) vs SNMP(HbV7%), #SNMP(HbV0%) vs 
SNMP(HbV20%), $SNMP(HbV0) vs SNMP(HbV30%); p<0.05 
  










































































Fig.4.2.29 The amount of AST during IRM after CS or SNMP 
*SNMP(HbV0%) vs SNMP(HbV7%), #SNMP(HbV0%) vs 
SNMP(HbV20%), $SNMP(HbV0) vs SNMP(HbV30%); p<0.05 
 
Fig.4.2.30 The amount of LDH during IRM after CS or SNMP 
*SNMP(HbV0%) vs SNMP(HbV7%), #SNMP(HbV0%) vs 






























































Fig.4.2.31 The release of AST during IRM after CS or SNMP in 120 min 
 
















































Fig.4.2.33 The amount of ALP during IRM after CS or SNMP 
Fig.4.2.34 The amount of HA during IRM after CS or SNMP 
*SNMP(HbV0%) vs SNMP(HbV7%), #SNMP(HbV0%) vs 


























































Fig.4.2.35 Lactate level of perfusate during IRM after CS or SNMP 
*SNMP(HbV0%) vs SNMP(HbV7%), #SNMP(HbV0%) vs 
SNMP(HbV20%), $SNMP(HbV0) vs SNMP(HbV30%); p<0.05 
 
 








































































































Fig.4.2.37 Oxy. Consumption during IRM after CS or SNMP 
*SNMP(HbV0%) vs SNMP(HbV7%), #SNMP(HbV0%) vs 
SNMP(HbV20%), $SNMP(HbV0) vs SNMP(HbV30%); p<0.05 
 
 
































































Fig.4.2.39 Proton index during SNMP 
 































CS       HbV 0%      HbV 7%    HbV 20%  HbV 30%
Fig.4.2.41 Proton index during IRM after CS or SNMP at 0min 






























































Fig.4.2.43 Metabolic index during IRM after CS or SNMP 
Fig.4.2.44 The change amount of Metabolic index during IRM after CS or SNMP 
*SNMP(HbV0%) vs SNMP(HbV7%), #SNMP(HbV0%) vs SNMP(HbV20%), 
























































CS       HbV 0%      HbV 7%    HbV 20%  HbV 30%
Fig.4.2.46 Metabolism index during IRM after CS or SNMP at 60min 
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Whole Liver with HMP
Split liver with SBP
Split liver with SDP
Fig.4.3.1 Flow rate of PV during HMP 



























Whole Liver with HMP
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Whole Liver with HMP
Split liver with SBP
Split liver with SDP
Fig.4.3.3 PV Pressure during HMP  
*Whole liver with HMP vs Split liver with SBP,  
#Split liver with SBP vs Split liver with SDP; p<0.05 
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Whole Liver with HMP
Split liver with SBP
Split liver with SDP
Fig.4.3.6 HAP Resistance during HMP  
Fig.4.3.5 PVP Resistance during HMP  
*Whole liver with HMP vs Split liver with SBP,  










び SDP(Split during perfusion)の分割処理のおおよその時間までとなる，灌流 1
時間までの逸脱酵素流出量，灌流 4時間の逸脱酵素流出量を示した．これよ
り，逸脱酵素蓄積量には，統計学的な差は示されなかったが，分割処理にかか
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Fig.4.3.7 The amount of AST during HMP 
Fig.4.3.9 The release of AST during HMP in 240 min 
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Fig.4.3.10 The amount of LDH during HMP 
Fig.4.3.12 The release of LDH during HMP in 240 min 
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Whole Liver with HMP
Split liver with SBP
Split liver with SDP
Fig.4.3.13 pH of perfusate during HMP  
Fig.4.3.14 Proton index during HMP 
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Fig.4.3.16 Proton index during HMP at 0min 












































Whole liver with HMP
Split liver with CS
Split liver with SBP





















Whole liver with HMP
Split liver with CS
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Split liver with SDP
Fig.4.3.18 Flow rate of PV during IRM after CS or HMP 
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Whole liver with HMP
Split liver with CS
Split liver with SBP
Split liver with SDP
Fig.4.3.20 PV Pressure during IRM after CS or HMP  
*Whole liver with HMP vs Split liver with SBP,  
#Split liver with SBP vs Split liver with SDP,  
$Split liver with CS vs Split liver with SBP; p<0.05 
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Whole liver with HMP
Split liver with CS
Split liver with SBP
Split liver with SDP
Fig.4.3.22 PVP Resistance during IRM after CS or HMP  
*Whole liver with HMP vs Split liver with SBP,  
#Split liver with SBP vs Split liver with SDP,  
$Split liver with CS vs Split liver with SBP; p<0.05 
 








指標である逸脱酵素 AST, LDHの蓄積量，および再灌流 2時間での総流出量を
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Fig.4.3.24 The amount of AST during IRM after CS or HMP 
*Whole liver with HMP vs Split liver with SBP,  
#Split liver with SBP vs Split liver with SDP,  
$Split liver with CS vs Split liver with SBP; p<0.05 
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Fig.4.3.26 The amount of LDH during IRM after CS or HMP 
*Whole liver with HMP vs Split liver with SBP,  
#Split liver with SBP vs Split liver with SDP,  
$Split liver with CS vs Split liver with SBP; p<0.05 
 






































































Fig.4.3.28 The release of AST per liver weight during IRM from 0 to 120 min 
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Whole liver with HMP
Split liver with CS
Split liver with SBP
Split liver with SDP
Fig.4.3.30 The amount of HA during IRM after CS or HMP 
Fig.4.3.31 Lactate level of perfusate during IRM after CS or HMP 
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Whole liver with HMP
Split liver with CS
Split liver with SBP
Split liver with SDP
Fig.4.3.33 Oxy. Consumption during IRM after CS or HMP 
 
Fig.4.3.34 pH of perfusate during IRM after CS or HMP 
*Whole liver with HMP vs Split liver with SBP,  
#Split liver with SBP vs Split liver with SDP,  
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Whole liver with HMP
Split liver with CS
Split liver with SBP
Split liver with SDP
Fig.4.3.35 Proton index during HMP 
*Whole liver with HMP vs Split liver with SBP,  
#Split liver with SBP vs Split liver with SDP,  
$Split liver with CS vs Split liver with SBP; p<0.05 
 
 
Fig.4.3.36 The change amount of proton index during IRM after CS or HMP 




































Whole liver     Split(CS)     Split(SBP)    Split(SDP)
Fig.4.3.37 Proton index during IRM after CS or HMP at 0min 
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Split liver with SDP
Fig.4.3.39 Metabolic index during IRM after CS or HMP 
*Whole liver with HMP vs Split liver with SBP,  
#Split liver with SBP vs Split liver with SDP,  
$Split liver with CS vs Split liver with SBP; p<0.05 
 
 


































































Whole liver     Split(CS)     Split(SBP)    Split(SDP)
Fig.4.3.41 Metabolic index during IRM in 0min 
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